The epitaxial growth of graphene on silicon carbide holds promise for wafer-scale fabrication of this interesting two-dimensional electronic material. Growth on "Si-face" SiC͑0001͒ can produce graphene films of highly uniform thickness, consisting almost exclusively of single-layer graphene ͑SLG͒, as evidenced by Raman spectroscopy [1] [2] [3] and the half-integer quantum Hall effect unique to SLG. [4] [5] [6] [7] However, questions remain as to the electronic uniformity of these films. Understanding the transport properties of the unprocessed samples is a necessary first step in developing an understanding of the properties for processed samples and samples exposed to different ambients. Photoemission, 8, 9 STM, 10 and transport 4, 5 experiments report a wide range of Fermi energies +90Յ E F Յ +500 meV relative to the charge neutral point ͑CNP͒ for SLG on SiC͑0001͒. A recent transport study 11 of a large number of similar ungated devices, both ͑16 mm͒ 2 chips and multiple ͑10 m͒ 2 Hall crosses fabricated on the same chip, found large variations in carrier concentrations; electron and hole concentrations exceeding 3 ϫ 10 13 cm −2 were observed, corresponding to a standard deviation in Fermi energy E F,rms Ͼ 500 meV.
Here we use Kelvin probe microscopy ͑KPM͒ to probe variations in surface potential, and hence Fermi energy, in SLG grown on 6H-SiC ͑0001͒. In contrast with the Hallcross measurements, 11 KPM of widely-spaced ͑10 m͒ 2 areas shows an E F,rms of only 12 meV, indicating highly uniform doping on a macroscopic scale. Transport measurements on this sample and many nominally identical samples 11 reveal that the conductivity is clustered about a value of ϳ4e 2 / h, which is consistent with the predicted minimum conductivity for graphene on SiC with a chargedimpurity density n imp on order 10 13 cm −2 . This impurity density is also consistent with the mobility on order 1000 cm 2 / V s observed for the few highest-conductivity samples with ӷ 4e 2 / h which are presumably doped outside the minimum conductivity regime. We conclude that our samples, and the majority of the samples in Ref. 11 , are in the low-doped minimum conductivity regime, where the small Hall coefficient was misinterpreted to indicate a high carrier density and large doping variations.
Epitaxial growth of graphene on SiC has been performed in vacuum and argon environments at temperatures ranging from 1150 to 1620°C. [12] [13] [14] [15] These conditions have produced graphene of varying quality with early reports of many-layer graphitic growth on both the Si-face and C-face of SiC. Recently, it has been shown that the use of a inert gas overpressure improves the quality of the graphene, allowing for higher growth temperatures, longer growth times, and producing a larger area percentage of SLG. 16, 17 For this experiment, samples were grown on semi-insulating SiC substrates in argon at a pressure of 150 mbar at 1620°C for 90 min. Extensive Raman mapping of graphene surfaces shows that the majority of the sample surface is monolayer.
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We performed KPM in ambient conditions using a Co/ Cr-coated silicon tip with radius of curvature of ϳ50 nm. As implemented on the Veeco D5000 scanning probe microscope, the Kelvin probe method uses the lifted tip to perform surface potential measurements interleaved with traditional tapping atomic force microscopy ͑AFM͒. The surface potential measurement is performed by applying a 1500 mV ac voltage, V tip,ac , to the tip at resonance frequency, , with the tip lifted 2-20 nm above the graphene surface and the piezodriver turned off. The tip voltage V tip is controlled by a feedback loop such that the amplitude of the tip at the ac frequency is zero; at this condition eV tip = W tip -W surface , where W tip and W surface are the work functions of tip and surface, respectively. For graphene, we expect that W surface = W cnp -E F , where W cnp is the work function of chargeneutral graphene on SiC͑0001͒. Hence V tip directly tracks variation in E F , and we take the standard deviation in V tip to be equal to E F,rms / e.
We performed KPM over seven ͑10 m͒ 2 regions of a ͑16 mm͒ 2 sample. All the data shown were taken with a single tip over a single session of data collection to eliminate any changes due to ambient doping variation, tip condition, temperature, etc. Figure 1͑a͒ shows topography and Fig. 1͑b͒ surface potential of a single ͑10 m͒ 2 scan that was typical of the majority of the sample surface; occasionally a clearly multimodal surface potential distribution was observed. 19 histogram of the potential observed over the scanned area is shown in Fig. 1͑c͒ . The potential variation over the surface is smooth with no sharp steps correlated with topographical features or otherwise. Figure 1͑d͒ shows the mean and standard deviation of the surface potential for seven widely separated ͑10 m͒ 2 scan areas over a 16ϫ 16 mm sample. For the data taken at these locations, we found the standard deviation in peak position to be E F,rms = 12 meV with E F,rms within each individual ͑10 m͒ 2 area ranging from 5 to 16 meV.
We occasionally observe multimodal surface potential images with clearly defined regions of different surface potential with boundaries that correspond to topographic steps. 19 We interpret the regions of different surface potential as regions of different graphene layer thickness, e.g., interfacial layer or bilayer graphene ͑BLG͒, previously observed to have different surface potentials by Filleter et al. 20 The fact that we rarely observe these sharp steps in surface potential suggests that our sample is homogeneous in layer number. However, in Figs. 1͑b͒ and 1͑c͒ there appear to be regions of slightly lower surface potential near step edges. This could indicate the presence of BLG at the step edges, though the potential difference ͑ϳ25 meV͒ is much smaller than that observed between SLG and BLG by Filleter et al. ͑ϳ100 meV͒. 20 To extract information about the charge carrier concentration variation over the graphene, we relate the peak positions variation plotted in Fig. 1͑d͒ to a variation in E F , and thus a variation in the carrier density of the sample.
Near the CNP, the carrier concentration variation is ␦n = ͑E F,rms / បv F ͒ 2 / , where v F = 1.1ϫ 10 8 cm/ s is the Fermi velocity in graphene 21 and ប is Planck's constant. The macroscopic variation E F,rms = 12 meV then corresponds to a variation in carrier concentration of ϳ10 10 cm −2 . If the sample is highly doped, the carrier concentration variation is approximated by ␦n = ͑dn / dE͒E F,rms = D͑E͒E F,rms =2/ បv F ͱ n / E F,rms , where D͑E͒ is the density of states in graphene. For a doping of n =10 13 cm −2 , the variation E F,rms = 12 meV would correspond to ␦n =5ϫ 10 11 cm −2 . The variations in carrier density measured by KPM are therefore much smaller than the apparent variations measured by Hall resistivity.
To address this discrepancy, we re-examine the transport data in Ref. 11 . Figures 2͑a͒ and 2͑b͒ show transport data from nominally identical samples prepared in argon, as well as from samples grown in vacuum and reported in Ref. 11, replotted as sheet conductivity versus apparent Hall carrier density 1 / R H e, where R H is the Hall coefficient of each sample. The conductivity is seen to cluster around a value of ϳ4e 2 / h over a wide range of carrier densities, with the exception of the vacuum-grown 10 m Hall crosses ͓Fig. 2͑b͔͒ where for an intermediate carrier density range of 0.5-1.5 ϫ 10 13 cm −2 , there is a cluster of points whose conductivities rise rapidly with carrier density. The data point circled in red in Fig. 2͑a͒ corresponds to the sample in this study ͑im-aged in Fig. 1͒ , which has a conductivity of 5.3e
2 / h and an apparent Hall carrier density of 2.8ϫ 10 12 cm −2 . We interpret the data in Figs. 2͑a͒ and 2͑b͒ within the self-consistent Boltzmann theory for graphene dominated by charged impurities put forth by Adam et al. 22 Figures 2͑c͒ and 2͑d͒ show qualitatively how and 1 / R H e are expected The data point circled in red represents the sample studied in this work. The dashed lines in ͑a͒ and ͑b͒ are at a conductivity of 3.5e 2 / h. The solid line in ͑b͒ is a guide to the eyes, discussed in text. ͑c͒ and ͑d͒ Conductivity ͑c͒ and apparent Hall carrier density 1 / R H e ͑d͒ vs average carrier density, n, within the self-consistent theory of Ref. 22. to vary with average carrier density, n. At high n ͑solid blue lines͒, the conductivity is proportional to n ͑constant mobility͒ and the apparent Hall carrier density 1 / R H e asymptotically approaches the average carrier density n. For n Ͻ n ‫ء‬ , graphene is dominated by electron and hole puddles with an rms carrier density n ‫ء‬ caused by the random charged impurity potential ͑red dashed lines͒. The conductivity is roughly constant around a minimum value min of a few e 2 / h, and the apparent Hall carrier density diverges as n → 0. The apparent Hall carrier density always overestimates the average carrier density n, and is never less than ϳn ‫ء‬ . In Fig. 2͑b͒ the highest conductivity devices have Ϸ 50e
2 / h. We assume that these devices are in the highdensity regime, and n Ϸ 1 / R H e Ϸ 10 13 cm −2 , indicating a mobility Ϸ 1000 cm 2 / V s. Applying the self-consistent theory of Adam et al. 22 to the case of graphene on SiC ͑ Ϸ 9.6͒, this corresponds to a charged impurity density of n imp Ϸ 8 ϫ 10 12 cm −2 , n * Ϸ 8 ϫ 10 11 cm −2 , and min Ϸ 3.5e 2 / h. We observe a large number of samples ͑ϳ50% of vacuum-grown, and nearly all argon-grown samples͒ with conductivities ϳ3.5e
2 / h, and 1 / R H e Ͼ 7 ϫ 10 11 cm −2 Ϸ n ‫ء‬ ; and we conclude that these samples are in the low density minimum conductivity regime n Ͻ n ‫ء‬ Ϸ 8 ϫ 10 11 cm −2 . This indicates that our SLG on SiC͑0001͒ in ambient has much lower doping than has been previously reported.
The very small spread in surface potential measured by KPM indicates a uniform doping level on a macroscopic scale. The transport data are inconsistent with a uniform high doping level n Ͼ n ‫ء‬ : in this case one would expect all the samples to be outside the minimum conductivity regime, and display high conductivity and a narrowly distributed Hall carrier density which reflects the true carrier density. We conclude that the samples as probed by KPM are uniformly doped in the minimum conductivity regime ͉n͉ Ͻ n ‫ء‬ Ϸ 8 ϫ 10 11 cm −2 . We further conclude that the previously reported 11 large spread in carrier densities from Hall measurements on similar samples is an artifact of electron-hole puddling in the minimum conductivity regime.
Our conclusion is consistent with top-gated field-effect transistors fabricated on similar SLG on SiC͑0001͒ showing low threshold voltages. 23 The microscopic fluctuations within a single surface potential image, E F,rms =5-16 meV are approximately one order of magnitude smaller than the electron-hole puddle fluctuations E F,rms = 110 meV for n ‫ء‬ Ϸ 8 ϫ 10 11 cm −2 . We assume that the discrepancy results from the puddle correlation length of 10-20 nm being an order of magnitude smaller than the resolution of the Kelvin probe measurement. It is not clear why previous experiments 4, 8, 9, 11 on SLG on SiC͑0001͒ show much higher doping. In Ref. 11, high doping was inferred incorrectly from Hall measurements in the minimum conductivity regime, but ARPES ͑Refs. 8 and 9͒ and some transport measurements performed in vacuum 4 clearly show highly and uniformly doped SLG ͑n Ϸ 10 13 cm −2 ͒. We infer that exposure to ambient causes compensating p-doping or passivation of samples that were highly n-doped as-grown in vacuum. J.L.T. is grateful to the ASEE for postdoctoral fellowship support. Work at NRL was supported by the Office of Naval Research. A.E.C. and M.S.F. acknowledge support from the University of Maryland NSF-MRSEC and MRSEC shared facilities under Grant No. DMR 05-20741.
